Abstract
Ratios of the stable isotopes of carbon (i.e. 13 C/ 12 C) are the principal chemical tracer in many foodweb studies, chiefly because a consumer's tissue closely reflects the isotopic signature of its diet (McCutchan et al. 2003) . In this context, ecologists are primarily interested in the organic fraction of carbon (OC) and generally wish to exclude the non-dietary, inorganic C (IC) from samples (Pinnegar and Polunin 1999) . Such inorganic carbon consists mainly of carbonates that are precipitated into shells, teeth, bones and other skeletal structures of organisms. This IC -bound in calcified structures -may reflect the isotope signal of IC in the surrounding water or environment rather than carbon assimilated from the diet and represented as OC in the tissues (Yokoyama et al. 2005) . Thus, analysis of the isotopic composition of organic carbon (δ 13 C) in food-web studies generally requires the removal of carbonates to obtain a trophic rather than an environmental signal.
Inorganic carbon (IC) is routinely removed by many investigators from biological samples prior to mass spectrometry because IC is isotopically heavier than most carbon of biological origin. Thus, even small amounts of IC can bias the δ 13 C values in samples analysed for stable isotopes of OC: for a hypothetical sample that contains 1% IC (δ 13 C≈−3‰) and 12% OC (δ 13 C≈−25‰) by weight, δ 13 C would be enriched by 1.8‰, the bias becoming greater with increasing amounts of IC in the sample ).
The most popular technique for removing IC from samples is to expel IC as CO 2 by acidification, usually with hydrochloric, sulfurous, or phosphoric acid (Komada et al. 2008; Carmichael and Kovacs 2010; Kovacs et al. 2010; Versteegh et al. 2011 ). An assumption of the technique is that acids dissolve inorganic carbonate associated with organic matrices containing carbon, but do not
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otherwise chemically transform or result in loss of organic matter that fractionates stable isotope ratios. Although the exact mechanism(s) for potential acid-induced changes in elemental concentrations, isotope ratios, or both, remain undetermined in most cases for biological samples, many authors have suggested possible confounding effects caused by sample handling and chemical alterations by the acids itself (e.g. Froelich 1980; . Furthermore, it is common to complement the analysis of carbon isotopes (δ 13 C) with simultaneous measurements of nitrogen isotopes (δ 15 N), chiefly to estimate trophic position (Post 2002) . When samples are acid-treated to remove inorganic carbon, this pre-analysis step can have unintended consequences, resulting in altered nitrogen isotope ratios in some instances (Bunn et al. 1995; Bosley and Wainright 1999; Kennedy et al. 2005) .
Changes in stable isotope ratios that have been attributed to acid treatment of sample material are variable, and there is no consensus about effect sizes (e.g. Jacob et al. 2005; Jaschinski et al. 2008; . Consequently, in this paper we examine variability of 'acid effects' that have been reported in the literature, and we summarize effect sizes for different types of sample material commonly encountered by ecologists in food-web studies of aquatic systems. Finally, we synthesize published recommendations about sample preparation routines that may involve acid treatment of sample material prior to isotope ratio mass spectrometry
Methods
We extracted data on the effects of pre-analysis acid treatment from the primary, peer-reviewed literature, including papers that made explicit comparisons or tests of acid treatment on values of stable isotopes ratios of carbon, nitrogen, or both. Twenty-one studies were found that contained explicit tests on whether sample treatment with acids changes stable isotope ratios of carbon or nitrogen in aquatic samples (Table 1) . From these 21 papers, a total of 297 numerical values were extracted that pertain directly to pairwise contrasts for carbon (n = 141) and nitrogen (n = 156). There were three main types of data that could be extracted, depending on how data were reported: i) whenever available, we calculated contrasts from reported δ values for matched aliquots of untreated and acid-treated samples, ii) when individual samples values were not reported, contrasts were extracted or calculated from mean values of untreated and acid-treated samples, and iii) in a few cases, contrasts were directly reported without information on either the sample values or means.
The types of sample material commonly included in stable isotope studies of aquatic systems for which data on acid treatment could be extracted from the literature comprised the following: sediment (n = 27); suspended particulate organic matter, SPOM (n = 12); cyanobacteria and biofilms (n = 12); algae (n = 31); seagrass (n = 2); plankton (n = 16); polychaetes (n = 8); insects (n = 16); peracarid crustaceans (n = 22); decapod crustaceans (n = 56); bivalves (n = 10); gastropods (n = 32); other molluscs (n = 8); other invertebrates (n = 3); and fish (n = 42).
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Samples were acidified most often with HCL, either by soaking, rinsing or washing them in acid (11 studies), applying the acid directly in the capsules on dried, milled material (n = 7), or by exposure to acid fumes (n = 2; Table 1 ). Twelve studies used a water rinse after acidification, while nine did not rinse samples following acid treatment (Table 1) . Sample material was most often preserved by drying (n = 9) or freezing (n = 7).
Most (16 of 21) studies used inferential statistics to test for acid effects on isotope ratios. The detail of reporting was, however, not always sufficient to determine the significance of comparisons. This level of statistical under-reporting affected 28 % (n = 40) of carbon contrasts and 33 % (n = 52) of nitrogen contrasts.
Our chief objective was to examine the effects of acid treatment on SI values in samples commonly measured in aquatic ecology. Other aspects of sample treatment and preparation methods can also influence SI values, but are outside the scope of this study. These include preservation methods and chemicals (Fanelli et al. 2010; Xu et al. 2011; Lau et al. 2012; Rennie et al. 2012) , freeze/thaw periods and drying methods (Lorrain et al. 2003; De Lecea et al. 2011b ), lipid extraction (Logan et al. 2008; Mintenbeck et al. 2008) , the type of capsule material (Bosley and Wainright 1999; Brodie et al. 2011a) , and the use of dyes (De Lecea et al. 2011a) . We also acknowledge the limitations of the meta-analytical approach: individual studies included in our synthesis differ with respect to the types of acids used, concentrations, incubation times, the number and duration of washes, and the type of mechanical sample handling; whilst these variants may influence effect sizes of reported changes in isotope ratios broadly attributable to acid treatment, the chief intention of our synthesis is to derive generalities broadly applicable to a range of biological samples.
Results
Acidification altered isotope ratios in the majority of samples ( Table 2 , Fig. 1 ). Acid treatment lowered carbon isotope ratios by a mean of 0.68 ‰ (se 0.12), and nitrogen isotope ratios by a mean of 0.16 ‰ (se 0.06). Acid effects on δ 13 C encompassed a broad ambit, ranging from shifts towards lighter values up to -8.09 ‰, to enrichments up to 1.90 ‰. Nitrogen isotope ratios became up to -3.22 ‰ depleted and up to 2.90 ‰ enriched following acid treatment. Variability in acid-induced isotope changes was greater for δ 13 C (inter-quartile range = 0.97 ‰) than for δ 15 N (0.63 ‰; Fig. 1 ).
More than two-thirds (68 %, n = 96) of carbon samples were more negative after acid treatment; of these just under half (48 %, n = 46) were significant contrasts ( Table 2) . A greater number of comparisons of nitrogen isotope ratios also shifted towards more depleted ratios (55 %, n = 86), but there was also a sizeable proportion (42 %, n = 66) of more enriched values after acid treatment (Table 2) ; only 11 contrasts for δ 15 N were reported as significant ( Table 2 ).
The magnitude of acid-effects differed between carbon and nitrogen, being generally greater for the former (Table 2 ). For carbon, half of all comparisons showed changes in δ 13 C smaller than 0.5‰ and three-quarters of acid-related effects were smaller than 1‰ ( Absolute shifts in δ 15 N due to acid treatment were smaller than those recorded for carbon: in twothirds of comparisons, δ 15 N differed by less than 0.5‰ and was changed by less than 2 ‰ in 95 % of records ( Table 2 ). Negative shifts in N-isotope ratios following acid treatment greater than 2 ‰ were recorded in four samples of macroalgae (Ng et al. 2007 ), cyanobacteria and biofilm (Ng et al. 2007) , and a portunid crab (Carabel et al. 2006) . Bunn et al. (1995) found a 15 N -enrichment effect of 2.9 ‰ in the tail muscle of shrimp after acidification.
The size of the acid effect on δ 13 C and δ 15 N values varied between sample types (Fig. 2) . Carbon isotope ratios became most strongly depleted in sediments, followed by suspended particulate organic matter, cyanobacteria, crustaceans, and algae ( Fig. 2 ). The δ 13 C values of molluscs, insects, polychaetes, and fish tissue were less strongly altered by acid treatment (Fig. 3 ). Samples of sediment and SPOM also showed considerable variation for acid effects on their δ 15 N values (Fig. 2 ).
In terms of mean shifts, δ 15 N values of cyanobacteria, algae and some molluscs were most heavily affected by acid treatment, whereas nitrogen isotope ratios of insects, crustaceans, and fish tissue were not strongly altered (Fig. 2 ). 9. Poor analytical precision due to low C or N recovery in sample material and inadequate calibration or baseline correction (Fry et al. 1992; Carmichael et al. 2008 ).
Discussion
There are several reports of sizeable reductions in the elemental C and N content by weight following demineralisation using acids. For example, acid treatment has been shown to lower the elemental N content by 0.9 -1.9 % in littoral invertebrates ), 7 -49% in marine sediments , and 0.2 -0.25% in phytoplankton ). It appears plausible that the observed shifts in isotope ratios can be accounted for, at least partly, by the removal of organic C and N fractions following acid treatment, either through preferential loss of particular C and N forms or through a decrease in elemental recovery to levels below accurate analytical determination.
It is assumed that demineralisation with acids removes carbon that forms part of inorganic, nondietary carbonates deposited in skeletal material, shells and other calcified structures. However, the possibility that carbon not bound up in carbonates is also removed by acid washing exists. For example, Serrano et al (2008) found significant changes in the elemental C and N content in beach arthropods that were not accompanied by corresponding changes in isotope ratios. They argue that this implies preferential removal of organic carbon compounds that are comparatively depleted in 13 C to counterbalance the loss of the 13 C-enriched carbonates. Amongst the many possible candidate carbon compounds that could be preferentially leached by acid attack, chitin (δ 13 C = -23.6‰) may be important, provided that it undergoes depolymerisation and deacetylation (Percot et al. 2003) . A similar mechanism (i.e. partial loss of cuticle matrix compounds) may explain some of the observed changes in δ 15 N , but this has not been tested chemically or with compound-specific isotope analysis.
Organic carbon (OC) molecules, or functional C groups, that are more acid-labile (e.g. carbohydrates, amino acids) may be more enriched in 13 C compared with lipids and non-hydrolyzable material (Hwang and Druffel 2003) . Such asymmetrical susceptibility to hydrolysis between OC compounds that differ in 13 C could therefore contribute to isotopic changes in samples following acid treatment;
these isotopic changes could occur in addition to any effects caused by the removal of IC. Because the objective of acid treatment is to remove IC without altering the OC, this 'isotopic fractionation' could introduce inaccuracies to the analyses (Komada et al. 2008) . Since hydrolysable OC has a greater N content relative to the bulk material (Hwang et al. 2006) , similar effects of acid treatments are possible for N isotopes.
Organisms can contribute substantially to sedimentary carbon pools through their calcified structures ('biogenic CaCO 3 '). Biogenic CaCO 3 contains organic matter as glycoproteins, synthesized by the organism to aid mineral precipitation, and is incorporated into the mineral during calcification Accepted Article (Ingalls et al. 2004) . Because up to two-thirds of compounds constituting these mineral-bound glycoproteins are acid-soluble (Ingalls et al. 2004) , it is not implausible that some of this organic matter is lost during acid treatment of SI samples (Fernandes and Krull 2008).
Carbonate-rich samples: the 'Champagne Test' & Carbonate Proxy
The effect of non-dietary inorganic carbon (IC) in δ 13 C analysis depends mainly on the carbonate content of the samples: material that contains non-trivial amounts of inorganic carbon usually requires de-calcification prior to mass spectrometry (Jacob et al. 2005; Carmichael et al. 2008) . Carbonate-rich samples that are commonly encountered in ecological studies encompass sediments, algae with calcified structures (and encrusting epibionts), bryozoans, shelled molluscs, crustaceans, echinoderms, and whole fish or fish-larvae analysed in toto.
Whether a sample has high IC content can in many cases be predicted from basic morphological and physiological properties of the material (e.g. molluscs with shells, carbonate-rich marine sediments 
Effects on Nitrogen Isotope Ratios
It is common practice to measure both δ 13 C and δ 15 N simultaneously in 'dual mode' analysis. Whilst chemical removal of inorganic carbon by acids can be warranted for samples with appreciable carbonate content, this treatment can lead to unintended changes in δ 15 N values measured on acidtreated material (Fig. 1 ).
Demineralisation may, however, be necessary before δ 15 N measurements for samples that contain low amounts of N embedded in a carbonate matrix (e.g. mollusc shells; Carmichael et al. 2008; Versteegh et al. 2011) . In cases where acid treatment is the only practicable way to separate, or concentrate, the organic matter of interest from the inorganic carbonate matrix (e.g. bivalve shells) assessments of 'acid effects' lack true controls, but this can be overcome by using proxy controls of matched soft tissues (Carmichael et al. 2008 ).
Versteegh et al. (2011) showed for blue mussel shells that accurate δ 15 N values can be obtained for samples with as little as 20 mg N (or 1.6% N) when direct combustion is used. Although prior acidification may not be routinely required to measure nitrogen isotope ratios in all calcified material (Versteegh et al. 2011) , decisions regarding demineralisation are best made on a case-bycase basis based on the N content of the samples and instrument capabilities.
Whether an acid effect becomes 'significant' ultimately depends on the question that a study addresses, the precision and power required to distinguish between treatments, the variability of the samples, and the isotope contrast in the source materials. For example, distinguishing the relative contribution of seagrass and upland C3 plants to the diet of an estuarine producer using δ 13 C could be relatively immune to acidification effects since source signatures are so widely separated (assuming a relatively homogeneous sample of consumers). By contrast, acid effects may become important when distinguishing between benthic microalgae and phytoplankton if these have similar δ 13 C signals; even in the latter case, acid effects are only of concern if the size and/or direction of the bias differs between samples types. The scenarios in which acid-effects may or may not be an issue of concern are diverse and should be carefully considered by investigators when making methodological decisions.
Synthesis and Recommendations
1. Stable isotope ratios may be altered by chemical transformation or loss of organic matter that leads to fractionation (posited but unknown) or by loss of organic matter that results in poor analytical precision and accuracy.
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2. Methods for acidification of samples differ between studies, introducing uncertainty with regards to the comparability of carbon and nitrogen stable isotope ratios. Acidification should therefore always be very carefully considered before its use as a pre-treatment step in SI analysis.
3. Our review of acid-treatment effects on carbon and nitrogen isotope ratios demonstrates that: i) the method can alter the values of both δ 13 C and δ 15 N, ii) these changes are generally, but not always, consistent with expectations of more depleted carbon ratios after removal of isotopically heavy inorganic carbonates, iii) bias is introduced to nitrogen ratios which either decrease or increase in 15 N content, and iv) the majority (74 to 79% of comparisons) of reported changes to δ 13 C and δ 15 N values attributable to acid treatment are < 1 ‰, but larger acid effects can occur. 4 . Instead of using acidification routinely, the chemical composition of sample material should be determined before performing inorganic carbonate removal with acids.
5. Carbonates contained in skeletal or other decalcified structures are best removed mechanically rather than by chemical dissolution. In cases where this is not possible, or
where contamination with carbonate-rich sediments or other particles is suspected, acid treatment can be used to remove non-dietary inorganic carbon from biological material.
6. If acid treatment is required for carbon isotope samples, samples should be run in singlemode analysis where nitrogen isotope signatures are obtained from untreated aliquots of the material.
7.
Investigators must ensure that acidification produces adequate recovery of organic matter to allow for reliable analytical precision, and report details on analytical methods and the quantity of material analysed.
8. In situations where investigators are uncertain about the inorganic carbon content of their samples, are unable to mechanically remove calcareous material effectively, or suspect contamination with carbonates, the most sensible approach is to determine whether inorganic carbonate contamination exists by running acidified and untreated samples as a pilot batch before the full analysis. Using the 'champagne test' or the carbonate proxy may also be helpful in these situations.
9. Notwithstanding the broad applicability of the above suggestions, there may not be a universal protocol that applies in all situations -the prudent course of action is to analytically determine the effects of sample treatment on isotope ratios in all cases where method bias is suspected.
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Fig. 2
Variation in changes to carbon (left panel) and nitrogen (right panel) isotope ratios following acid treatment between types of sample materials / taxa. Whiskers in the box & whisker plots are the 5% and 95% percentiles, the boxes encompass the quartiles, and the median is represented by a line
